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Space,	 time,	 energy,	 and	 matter	 are	 the	 most	 important	 scales	 at	
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describe	the	species–area	relationship	(SAR).	Among	the	most	widely	



























Planktonic	 algae	 exist	 as	 discrete	 individuals	 in	 the	 three-	
dimensional	water	 column.	They	 form	 diverse	 assemblages	 that	 are	
maintained	by	niche	partitioning,	demographic	stochasticity,	dispersal	
limitation,	and	the	physical	disturbances	of	the	aquatic	environment	
(Borics,	 Várbíró,	 &	 Padisák,	 2013;	 Chust,	 Irigoien,	 Chave,	 &	 Harris,	
2013;	Pueyo,	2006).	Their	high	species	richness	provides	an	excellent	
model	 system	 to	 empirically	 study	 relevance	 of	 ecological	 concepts	
and	 to	 learn	 about	 behavior	 of	microbial	 systems	 as	 phytoplankton	
species	represent	the	smallest	but	still	microscopically	(mostly)	identi-
fiable	and	quantifiable	biota.
However,	 estimation	 of	 species	 richness	 can	 be	 a	 problematic	
part	 of	 these	 kinds	of	 investigations,	 because	 there	 is	 an	extremely	




of	microbial	 species	 richness	 is	 strongly	 influenced	 by	 the	 sampling	
and	 sample	 processing	 effort	 (Dolan,	 2005).	 In	 phytoplankton	 SAR	










In	a	previous	 study,	 it	was	demonstrated	 that	 the	abundance	of	
algae	belonging	to	various	functional	groups	shows	different	patterns	
along	 the	 spatial	 scale	 (Borics	 et	al.,	 2016).	Therefore,	we	 hypothe-
sized	that	species	richness	of	these	groups	also	varies	with	water	body	
size,	and	thus,	they	modify	the	shape	of	SAR	curve	in	different	ways.
2  | MATERIALS AND METHODS
2.1 | Site selection
The	 SARs	 can	 be	 considerably	masked	 by	 differences	 in	 trophy,	 al-
titude,	 latitude,	 and	 other	 ecological	 characteristics	 of	 the	 sampled	
areas,	 which	 cannot	 be	 ignored	 during	 data	 acquisition	 and	 analy-
ses.	To	 avoid	 limitations	 and	biases	 caused	by	heterogeneity	of	 the	
water	bodies	 and	 the	 large	distance	between	 them,	we	 selected	 an	
area	where	water	bodies	of	various	sizes	can	be	found.	The	Nagyiván	
puszta	 (47°27′00.36″N	and	20°59′44.09″E)	 is	 a	 sparsely	 populated	


























taken	 for	 the	 investigations.	 For	 the	 analysis	 of	 phytoplankton,	 the	
samples	were	fixed	with	formaldehyde	solution	at	a	final	concentration	
of	4%	and	stored	in	darkness	at	4°C	until	the	analyses.
Water	samples	 taken	 for	chemical	analyses	were	kept	 in	coolers	
(0–4°C)	during	transportation	to	the	laboratory.
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Samples	from	Lake	Balaton	were	taken	with	a	tube	sampler;	thus,	
samples	 represent	 the	whole	water	 column	 (see	 details	 in	Hajnal	&	
Padisák,	2008).	As	we	have	a	 low	number	of	 samples	 from	2011	 in	
Lake	 Balaton,	 which	 could	 underestimate	 the	 species	 number	 due	






Diameters	of	 the	 small	 pools	 and	 crater	 ponds	were	 recorded	by	 a	
tape	measure.	This	variable	was	used	to	calculate	the	perimeter	and	
surface	area	of	 these	water	bodies.	Depth	of	 the	water	bodies	was	
measured	with	 a	 stick	 ruler.	 In	 case	 of	 the	 larger	 ponds	 and	 lakes,	
surface	area	and	depth	data	of	the	Hungarian	National	Hydrological	
Database	were	 used.	Using	 the	 ruler	 tool,	 the	 lengths	 of	 the	 lakes’	
shoreline	were	measured	on	 the	Google	Earth	 images	of	 the	 lakes.	
Volumes	of	the	water	bodies	were	calculated	from	the	lake	area	and	
mean	depth	data.	 IBP	was	calculated	as	 the	ratio	of	 lake	volume	to	
shoreline	length.
2.4 | Identification and quantification of the 
phytoplankton taxa
Taxonomic	identification	of	algal	taxa	was	based	on	light	microscopic	















glass	 electrode).	 Both	 pH	 and	 electrical	 conductivity	 values	were	
temperature	 compensated	 (20°C).	 Total	 phosphorus	 was	 deter-
mined	by	colorimetric	method	after	digestion	with	H2SO4	(Chapman	
&	Pratt,	1961).
2.6 | Assignment to functional groups
Planktonic	algae	are	evolutionarily	adapted	to	the	constraints	of	the	
continuously	changing	environment	they	 live	 in,	and	this	adaptation	
is	 reflected	 in	 their	 morphological	 and	 anatomical	 characteristics.	
Based	on	the	relationship	between	ecological	functions	and	algal	mor-














seamless	 rarefaction	 and	 extrapolation	 (R/E)	 sampling	 curves	 of	
three	 diversity	 metrics	 (richness,	 Shannon,	 and	 Simpson	 indices).	
To	 standardize	 the	 effort,	 estimated	 richness	 values	 belonging	 to	
identical	sample	coverage	values	(sc80	=	80%)	were	applied	(Chao	
&	Jost,	2012).










and	 lake-	based	 richness	 values)	 through	 optimal	 2-	D	 graphical	 dis-
plays.	 Calculations	 were	 performed	 by	 CANOCO	 5.0	 (ter	 Braak	 &	
Smilauer,	2012).
As	 the	 first	PCA	axis	was	strongly	correlated	with	 log	area,	 in	
the	second-	step	richness	values	 (both	at	the	 level	of	samples	and	
lakes)	were	plotted	against	the	area	of	the	water	bodies.	Because	
the	 relationships	 were	 apparently	 nonlinear,	 we	 fit	 a	 Lorentzian	
three-	parameter	 peak	 regression	 model	 to	 the	 data	 using	 the	
MATLAB	software.	To	identify	the	potential	breakpoints	where	ob-
vious	 changes	 in	 the	 slopes	 of	 response	 curves	 occur,	 piecewise	
regression	 was	 used	 (Toms	 &	 Lesperance,	 2003).	 Ordinary	 least	
squares	method	was	used	to	construct	the	regression	 line	for	the	
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and	 was	 carried	 out	 with	 nondestructive	 methods	 for	 the	 habitats	
and	the	environment.	The	landowner	of	the	area	was	the	Hortobágy	
National	Park	Directorate,	who	approved	 the	authors	 to	access	 the	




phytoplankton	 species	 diversity	 in	 addition	 to	 the	 chemical	 variables	
(Figure	1).	The	 first	 axis	of	 the	PCA	accounted	 for	50.7%	of	 the	 total	
variance	for	data	and	positively	associated	with	the	log	area	of	the	water	
bodies	and	negatively	with	phosphorus	(TP)	in	lake-	level	analysis.
PCA	analysis	 on	 sample-	level	 data	 (Figure	2)	 demonstrated	 that	























calculation	 of	 z	 value	 for	 the	 entire	 spatial	 scale	 could	 be	misleading.	
Therefore,	z	was	calculated	for	the	subset	of	data	where	the	increasing	
tendency	 was	 observed	 (10−2–106	m2).	 The	 regression	 of	 log	 species	
number	of	species	against	log	area	gave	slope	of	z	=	0.122	(Figure	5a,b).
The	question	of	how	the	various	functional	groups	of	algae	con-
tribute	 to	 the	 experienced	humpback	 relationship	 can	 be	 answered	
if	 area	dependence	of	 the	within-	group	 richness	 (i.e.,	 the	 functional	
redundancy)	is	studied.	Relationship	between	species	richness	of	the	
applied	functional	groups	and	water	body	size	showed	three	distinct	
patterns.	Species	 richness	of	planktonic	diatoms	 (A, B, C, D),	 plank-
tonic	desmids	(P),	cyanobacteria	(S1, H1, SN)	and	small-	celled	flagel-
lates	 (X2)	showed	a	steady	 increase	toward	the	 larger	water	bodies.	

























Lake based Sample based
Total variation is 130.00000 Total variation is 1150.000
Summary	table
Statistic Axis	1 Axis	2 Axis	3 Axis	4 Axis	1 Axis	2 Axis	3 Axis	4
Eigenvalues 0.5074 0.2333 0.1306 0.088 0.4918 0.2405 0.1179 0.0867
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2014;	Borics,	Lukács	et	al.,	2014;	Skácelová	&	Lepš,	2014;	Török	et	al.,	
2016),	 but	 systematic	 relationship	 between	 nutrients	 and	 diversity	

























ter	concept	refers	to	the	fact	 that	at	 the	 largest	scales,	several	spe-
cies	with	almost	identical	ecological	properties	might	coexist.	In	other	
words,	 an	 increase	 in	 functional	 redundancy	 is	 expected.	 Assuming	
that	the	same	actors	are	responsible	for	shaping	the	area	dependence	
of	phytoplankton	species	richness,	their	intensity	must	vary	along	the	




maximum	at	 this	 size	 range.	Water	bodies	 at	105–106	m2	 range	 are	
wind-	sheltered	ponds	and	oxbows	which	are	spatially	well-	structured	
aquatic	 environments.	 It	 has	 been	 demonstrated	 that	 under	 stable	
hydrometeorological	 conditions,	 phytoplankton	 shows	 considerable	
patchiness	both	horizontally	and	vertically	 in	these	water	bodies	re-









While	 in	most	 terrestrial	ecosystems	there	 is	a	positive	relation-
ship	between	area	 and	habitat	 heterogeneity	 (MacArthur	&	Wilson,	
1967),	 this	 relationship	 does	 not	 necessarily	 valid	 for	 lakes.	 Larger	
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birds	 that	 are	 considered	 important	vectors	 prefer	 small	water	 bod-
ies	with	extended	littoral	region,	which	they	can	use	for	feeding	and	
roosting.
The	 high	 species	 diversity	 of	 large	 ancient	 lakes	 (Lake	 Ochrid,	
the	Prespa	 lakes)	 is	frequently	explained	by	the	 large	number	of	en-
demisms.	These	 lakes	can	act	as	evolutionary	reservoirs	 (Albrecht	&	









bodies.	Not	surprisingly,	species	with	high	sinking	rate	(A, B, C, D, P)	
showed	steady	increase	with	area.	In	case	of	the	small	water	bodies,	

















bodies	 of	 105–106	m2	 size	 range	 have	 extended	 littoral	 region	with	
diverse	submerse	aquatic	vegetation	(Lukács	et	al.,	2015)	that	provide	






Species	 redundancy	of	W1	 and	W2	groups	 (euglenoids)	 showed	
a	peak	at	102–104	m2	range.	Water	bodies	of	this	size	are	mostly	eu-






















Applying	 identical	 sampling	 and	 sample	 processing	 techniques,	 the	
species–area	relationship	was	studied	for	 freshwater	phytoplankton	
on	a	large	spatial	scale.	Our	results	revealed	a	humpback	relationship	
between	 species	 richness	 and	water	 body	 size.	 These	 results	 imply	
a	so-	called	large	lake	effect	(LLE),	which	means	that	in	case	of	large	
lakes,	wind-	induced	mixing	acts	strongly	against	the	habitat	diversity	
and	development	of	phytoplankton	patchiness	 and	 finally	 results	 in	
lower	phytoplankton	species	richness	in	the	pelagial.	However,	func-
tional	richness	did	not	show	decline	in	the	largest	scale.	Investigation	
of	 the	 area	 dependence	 of	 the	 functional	 redundancy	 proved	 that	






communities	of	macroscopic	organisms	are	 similar,	 their	 importance	
can	be	different	in	micro-	and	macroscales.
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